Abstract-Graphene is a relatively new material (2004) made of atomic layers of carbon arranged in a honeycomb lattice. Josephson junction devices are made from graphene by depositing two parallel superconducting leads on a graphene flake. These devices have hysteretic current-voltage characteristics with a supercurrent branch and Shapiro steps appear when irradiated with microwaves. These properties motivate us to investigate the presence of quantum metastable states similar to those found in conventional current-biased Josephson junctions. We present work investigating the nature of these metastable states for ballistic graphene Josephson junctions. We model the effective Washboard potential for these devices and estimate parameters, such as energy level spacing and critical currents, to deduce the design needed to observe metastable states. We propose devices consisting of a parallel on-chip capacitor and suspended graphene. The capacitor is needed to lower the energy level spacing down to the experimentally accessible range of 1-20 GHz. The suspended graphene helps reduce the noise that may otherwise come from two-level states in the insulating oxide layer. Moreover, back-gate voltage control of its critical current introduces another knob for quantum control. We will also report on current experimental progress in the area of fabrication of this proposed device.
Analysis of Possible Quantum Metastable States in
Ballistic Graphene-Based Josephson Junctions I. INTRODUCTION S INCE its isolation in 2004 [1] , the electronic properties of graphene have inspired a flourishing field of research. Graphene is a two-dimensional, hexagonal lattice of carbon atoms that effectively contains relativistic Dirac charge carriers. Its characteristic linear dispersion relation where the upper and lower energy bands meet [2] has led to novel and interesting physics and applications.
Recent studies [3] - [7] have demonstrated the robust and reproducible phenomenon of the Josephson effect in devices consisting of two superconducting leads contacted by flakes of graphene that are 1-4 layers thick. Clear evidence of multiple Andreev reflections [5] , [6] illustrates that such graphene junctions behave as SNS junctions. The critical current can be tuned by modulating a back-gate voltage [3] , [7] . A dc-SQUID has been constructed using graphene [8] , demonstrating several advantages. These include how graphene is straightforward Example Raman spectrum of our single-layer graphene specimens using 514.5 nm laser excitation. The G peak at 1580 cm is the E optical mode due to in-plane lattice vibrations, and the 2D peak at 2700 cm is the over tone of the D peak due to second-order double resonance [12] . The ratio of the peak heights and the positions of the peaks are signatures of the thickness of the graphene flake.
to fabricate, and electrically contact with high-transparency electrodes. The current-phase relation has been predicted [9] and measured [10] . The appearance of the Josephson effect in graphene junctions motivates us to investigate potential metastable quantum states within the washboard potential wells. Such states have been extensively studied in conventional junctions for over 25 years and have been used as basis states for superconducting quantum computing [11] .
II. DEVICE FABRICATION AND CHARACTERIZATION
To fabricate devices, we prepare graphene using the mechanical exfoliation technique onto Si/ (300 nm) substrates [1] . We first locate and identify single-layer and multi-layer graphene specimens using optical microscopy [12] . We confirm and characterize the number of layers using Raman spectroscopy [13] . An example of a typical Raman spectrum that we collect for single-layer graphene is shown in Fig. 1 .
For device fabrication, we perform no Raman spectroscopy to prevent laser-induced defects in the graphene. We fabricate junctions by depositing, onto the graphene flake, Ti (7 nm)/Al (80 nm) parallel leads, which are separated by 100 nm to 500 nm. The Ti layer provides transparent adhesion to the graphene, and the Al layer is superconducting below 1 K. Due to the superconducting proximity effect [3] , [4] , the areas of graphene underneath the leads become superconducting. We have fabricated devices, an example of which is depicted in Fig. 2(a) . This 1051-8223/$26.00 © 2010 IEEE device has a room temperature, 2-probe resistance of 5.8 , which is evidence of good electrical contact.
Charge carrier mobility in graphene is reduced by substrate induced scatterers, such as charges trapped under the graphene and rippling of the graphene due to the roughness of the substrate [14] . Removal of the substrate should also reduce the effects of anomalous two-level systems that plague superconducting qubits [15] - [17] . In order to achieve ballistic transport in graphene, future devices will consist of suspended graphene, as in Fig. 2(b) [18]- [20] . Suspension of the graphene will be achieved by etching the with hydrofluoric acid (HF). HF solution is targeted underneath the graphene by capillary action [21] .
The back-gate is provided by the doped Si substrate. For the case of non-suspended graphene, the back-gate and graphene are separated by the 300 nm of as an insulating dielectric, and for suspended graphene, they are separated by vacuum. The on-chip shunting capacitor will have an interdigitated design, which will be fabricated with the device leads during a single deposition.
III. THEORY
The quantum metastable states we are investigating are analogous to those existing within the wells of the tilted washboard potential of a current-biased Josephson junction [22] , [23] . This potential has the form (1) where is the gauge-invariant phase difference, is the flux quantum, is the critical current, and is the bias current. For a junction with capacitance C, this system is analogous to a "phase particle" of mass oscillating in a local well with plasma frequency [23] ( 2) where . At bias current , the energy spacing between the ground and the first excited states is [23] . The current-phase relationship, the critical current, and product for ballistic graphene junctions were calculated by Titov and Beenakker [24] . Specifically, at the Dirac point, these equations are analytic:
Here, is the superconducting energy gap of the leads, is the length of the leads in contact with the graphene flake, and is the lead separation. These equations were derived assuming , where is the superconducting coherence length, and is the velocity of charge carriers.
According to the RCSJ model, the equation of motion of the "phase particle" is [23] (6) Substituting (3) in for and working backwards, we obtain a washboard potential for a ballistic superconductor-graphenesuperconductor (SGS) junction:
The SGS potential (7) is plotted alongside the conventional washboard potential (1) in Fig. 3(a) . For the same critical current and capacitance, the wells of the SGS potential are shallower. This would result in more closely spaced energy levels.
From (7) we calculate the plasma frequency about the local minimum of the well, , for ballistic graphene junctions (8) This is plotted and compared to (2) in Fig. 3(b) . The superconducting gap for bulk Al is ; however, experimentally determined values [7] in typical devices ranged from 90 to 120
. Using the approximation , we estimate a critical current of for the device shown in Fig. 2(a) . The intrinsic capacitance of the device is small, . Using the estimated critical current and (2) gives , in qualitative agreement with experimental results [6] , [8] . We can lower this frequency to by adding a 0.1 pF shunting capacitor.
IV. CONCLUSION
We have calculated the washboard potential and plasma frequency of SGS junctions. Our calculations show that ballistic graphene junctions are essentially similarly to conventional junctions, with the added benefit of a back-gate voltage control of the critical current. We are testing this conclusion with a series of experiments such as current-voltage measurements, microwave resonant activation, and quantum tunneling [25] experiments. We will also measure the graphene junctions in both the classical and quantum regimes. The crossover temperature, , distinguishes these two regimes [26] . At current biasing near the critical current, the estimated plasma frequency is 100 GHz, and with a shunting capacitor of 0.1 pF, it is 5 GHz. These plasma frequencies have crossover temperatures of approximately 800 mK and 40 mK, respectively. For the higher plasma frequencies, multi-photon processes will be used to enhance the escape of the phase particle [27] . We will tune these experiments with the back-gate voltage to study this unique graphene/superconductor system.
